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http://dxObjective: With the realization that hypothermia was neuroprotective, hypothermic selective antegrade cerebral
perfusionwas adopted bymany surgical groups for aortic arch resection, prompting experimental and clinical studies
to elaborate technical refinements and safe parameters of selective antegrade cerebral perfusion. We review the ev-
idence for optimummanagement of perfusion pressure, flow, temperature, pH, hematocrit, and cannulation access.
Methods: Underperfusion and overperfusion impair neurologic function after selective antegrade cerebral per-
fusion. Overperfusion—including excessive flow and pressure—is expressed experimentally as an increase in in-
tracranial pressure, indicative of cerebral edema, and causes slow neurobehavioral recovery. As the safe limits of
moderate andmild hypothermic selective antegrade cerebral perfusion are being explored inmany aortic centers,
the ischemic tolerance of the spinal cord during lower-body circulatory arrest becomes a new focus of concern.
Results: Although a significant portion of the population has an incomplete circle of Willis, contralateral flow
via extracranial collaterals has permitted the successful use of various cannulation techniques. Unilateral perfu-
sion is adequate for short-term (<40minutes) selective antegrade cerebral perfusion, even at higher temperatures
(24C-28C). However, if prolonged periods of selective antegrade cerebral perfusion are anticipated, evidence
suggests that better cerebral protection is obtained with bilateral selective antegrade cerebral perfusion.
Conclusions: On the basis of these experimental and clinical studies, certain recommendations for the use of
nonpulsatile selective antegrade cerebral perfusion can be made. (J Thorac Cardiovasc Surg 2013;145:S59-62)DeBakey and colleagues1 published the first series of aortic
arch replacements using selective cerebral perfusion in
1962. Reporting 138 cases, they described 2methods for ce-
rebral perfusion: The first used a passive shunt, constructed
between the ascending and the descending aortas, with
limbs for carotid artery perfusion; the second used cardio-
pulmonary bypass (CPB) and bilateral, normothermic ca-
rotid artery perfusion. In this initial experience, the
mortality was 22% and the stroke rate was not reported.
The first description of arch replacement using antegrade
cerebral perfusion from the axillary artery, reported by Pan-
day and colleagues2 in 1974, achieved cerebral perfusion
via a right subclavian to left carotid bypass, while the cor-
pus was perfused via the femoral artery. In 1986, Frist
and colleagues3 reported the Stanford experience with 10
patients using a combination of low-flow CPB and moder-
ate (25C-28C) hypothermic selective antegrade cerebral
perfusion (SACP); the mortality was 30%, but no patient
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The Journal of Thoracic and CarEarly champions of hypothermic SACP includedMatsuda
and colleagues,4 Kazui and colleagues,5 and Bachet and col-
leagues.6 Matsuda and colleagues4 used deep hypothermia
(16C-20C) and SACP in 34 patients, with 3 deaths and 1
stroke. In 1989, Kazui and colleagues5 introduced a branch
graft technique for arch replacement using hypothermic
SACP at 25C that remains in widespread use; in 11 patients,
there was 1 mortality and no strokes. Bachet and colleagues6
reported excellent results in a series of 54 aortic arch recon-
structions using deep hypothermic SACP (6C-12C) and
moderate systemic hypothermia, a method they termed
‘‘cold cerebroplegia,’’ originally described by Guilmet and
colleagues7; the mortality rate was 13%, with a stroke rate
of 3.7% and temporary neurologic dysfunction rate of
1.8%.5 Kouchoukos andMasetti8 published a series of exten-
sive thoracic aortic aneurysm resections using the ‘‘arch first’’
technique, achieving excellent neurologic outcomes using
right axillary perfusion and limited cerebral circulatory arrest.
With increasing adoption by aortic centers, experimental
and clinical studies elaborated technical refinements and
safe parameters of SACP. Issues requiring attention in-
cluded optimum management of perfusion pressure, flow,
temperature, pH, hematocrit, and cannulation access.PRESSURE
Optimum perfusion pressure for hypothermic SACP in
the porcine model was addressed by Halstead and col-
leagues.9 In experimental animals, SACP (20C) delivered
at 50 mm Hg, 70 mm Hg, and 90 mm Hg revealed that al-
though increasing perfusion pressure increased cerebraldiovascular Surgery c Volume 145, Number 3S S59
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CBF ¼ cerebrovascular blood flow
CoW ¼ circle of Willis
CPB ¼ cardiopulmonary bypass
CT ¼ computed tomography
ICP ¼ intracranial pressure
SACP ¼ selective antegrade cerebral perfusion0 Theblood flow, cerebral metabolic suppression was similar in
each group. In the 90 mm Hg group, intracranial pressure
(ICP) increased throughout the duration of SACP, and in
the period after CPB, the metabolic rate was elevated; more-
over, these animals demonstrated inferior neurobehavioral
recovery. It was hypothesized that these findings resulted
from cerebral edema, resulting from the high perfusion
pressure. Also, excess or ‘‘luxury’’ cerebrovascular blood
flow (CBF) during SACP may increase the risk of thrombo-
embolic material being directed to the brain.
FLOW
Experiments also focused on CBF during SACP, search-
ing for the ideal upper and lower limits. Haldenwang and
colleagues,10 administering hypothermic SACP at 8 mL/
kg/min and 18 mL/kg/min, found a pattern similar to the
Halstead pressure experiments: equivalent cerebral meta-
bolic suppression but ‘‘luxury’’ regional blood flow at the
higher flow rates, with elevated ICP and sagittal sinus pres-
sures. Two studies define the lower limit of hypothermic
SACP. Tanaka and colleagues11 decreased SACP (25C)
from baseline (100%) toward zero in a canine model, eval-
uating cerebral function with continuous somatosensory
evoked potential monitoring and histologic outcomes. The
100% and 50% groups showed no signs of cerebral com-
promise. However, decreasing flow to 25% (mean arterial
pressure, 25 mm Hg) produced a loss of somatosensory
evoked potential and mild cellular injury. Jonsson and col-
leagues12 progressively reduced hypothermic SACP (20C)
flow from 8 to 2 mL/kg/min, finding decreased venous
saturations increasing cerebral lactate below a threshold
of 6 mL/kg/min.
Thus, perfusion pressure and flow studies indicate that ex-
cessive SACP perfusion should be avoided. The clinical ap-
plication of this principle in the elderly warrants a note of
caution, because fixed atherosclerotic lesions and chronic hy-
pertensionmay alter normal autoregulationofCBF, requiring
some distal compensatory increase in SACP pressure.
TEMPERATURE
As the efficacy of hypothermic SACP became accepted,
many experienced centers began to explore the use ofJournal of Thoracic and Cardiovascular Surgwarmer SACP. By using a porcine model, Khaladj and col-
leagues13 compared SACP (90 minutes) at 10C, 20C, and
30C with hypothermic circulatory arrest alone and found
higher ICP in the 30C group during SACP and with reper-
fusion. More important, the moderate hypothermia (20C)
animals showed adequate cerebral metabolic suppression,
earlier recovery of electroencephalogram, and significantly
less expression of heat shock protein, supporting a clinical
role for colder SACP.
PH MANAGEMENT
The optimum management of pH during hypothermia—
whether alpha-stat or pH-stat—remains controversial.
Some studies in children suggest a benefit of pH-stat over
alpha-stat, but this is unsubstantiated in adults. In a porcine
model, Halstead and colleagues14 showed that alpha-stat
animals exhibited better suppression of the cerebral meta-
bolic rate of oxygen consumption, with lower cerebral
blood flow and improved early neurobehavioral recovery.
Washiyama and colleagues15 showed that during hypother-
mic SACP, the circulation to the penumbra surrounding an
old cerebral infarct was collateral-dependent and had dis-
turbed autoregulation. Ohkura and colleagues,16 using the
same cerebral infarction model, demonstrated that pH-stat
management may provide better protection against cerebral
ischemia in the infarct penumbra.
HEMATOCRIT
Animal studies by Halstead and colleagues17 comparing
hypothermic SACPwith low (20%) and high (30%) hemat-
ocrit suggest a benefit in the higher hematocrit group. The
high and low hematocrit groups had equivalent cerebral
metabolic suppression, but the low hematocrit group had
higher cerebral blood flow. As with high levels of pressure
and flow, excess perfusion is not beneficial, but rather leads
to cerebral edema and increases the risk of thromboembo-
lism. In the high hematocrit animals, ICP trended lower dur-
ing SACP and early neurobehavioral recovery was better.
CANNULATION
SACP can be delivered bilaterally or unilaterally,
wherein contralateral perfusion depends on collateral path-
ways, most prominently the circle of Willis (CoW). How-
ever, the clinical impact of an incomplete CoW is not
clear. Merkkola and colleagues18 performed autopsies on
98 human brains and determined that as much as 17% of
specimens had anatomic evidence of an incomplete CoW.
They recommended computed tomography (CT) angiogra-
phy to identify patients who might require bilateral SACP.
Another study suggested that 42.4% of eastern Europeans
have an incomplete CoW; in addition to preoperative CTan-
giography, these authors recommended intraoperative mon-
itoring with near infrared spectroscopy, transcranial
Doppler, and electroencephalography.19ery c March 2013
TABLE 1. Suggested guidelines for selective cerebral perfusion
Pressure 40-60 mm Hg
Flow 6-10 mL/kg/min
Temperature
Core cooling 20C-30C
SACP 20C-28C
pH management Alpha-stat
Hematocrit 25%-30%
Cannulation
Unilateral vs bilateral If SACP>30-40 min, consider bilateral
Options Right axillary  left CCA (occlude left ScA)
Innominate artery  left CCA
Right or left CCA
Right brachial artery
Caveats Use NIRS monitoring
Protect spine and corpus
SACP, Selective antegrade cerebral perfusion; CCA, common carotid artery; ScA,
subclavian artery; NIRS, near infrared spectroscopy.
Spielvogel et al Panel 2These anatomic studies may underestimate the impor-
tance of collateral vessels, such as the ophthalmic artery,
leptomeningeal vessels, and external carotid arteries.
Urbanski and colleagues20 published a series of 99 arch re-
placements using unilateral SACP (30C; x ¼ 18 minutes)
via the left common carotid artery. Although preoperative
CT angiography documented a complete CoW in only
60% of patients, intraoperative monitoring indicated good
cross-perfusion in all patients, and there was only 1 minor
embolic stroke: on this basis, the authors discounted the
need for preoperative CT angiography. Leshnower and col-
leagues21 corroborated these findings in a series of 412 arch
procedures using unilateral hypothermic (26C; x ¼ 45
minutes) SACP, with a stroke rate of 3.6%. Likewise,
Urbanski and colleagues22 reported a stroke rate of 0.9%
and a temporary neurologic dysfunction rate of 2.3% in
a follow-up study of 347 cases using unilateral SACP
(28C; x¼ 34 minutes) via the left or right common carotid
artery or innominate artery.
Nonetheless, concern remains when the duration of
SACP is more than 50 minutes. Kr€ahenb€uhl and col-
leagues23 followed 292 patients after aortic arch surgery
that had been performed with deep hypothermic circula-
tory arrest and unilateral and bilateral cerebral perfusion.
The 36-Item Short Form health survey questionnaires
administered at midterm follow-up showed that patients
whose SACP times exceeded 40 minutes had a better qual-
ity of life if bilateral SACP had been used. Malvindi and
colleagues24 reported a meta-analysis involving 3548 pa-
tients: By using a neurologic injury rate threshold of less
than 5%, 30 to 50 minutes of unilateral perfusion was
acceptable, whereas bilateral perfusion permitted from
86 to more than 164 minutes. Consequently, the authors
recommended using bilateral perfusion for anticipated
SACP intervals more than 50 minutes.
SPINAL ISCHEMIA
With the use of deep hypothermia, one could be relatively
certain that an aortic arch replacement procedure involving
an elephant trunk could be performed without risking sig-
nificant ischemic injury to the periphery. However, using
warmer core and SACP temperatures, it is important not
to overlook the vulnerability of the periphery, including
the viscera and particularly the spinal cord. Kamiya and col-
leagues25 studied the effects of deep versus moderate
(25C-28C) hypothermia on lower-body ischemia. The
overall paraplegia rate was 2.1% (8/377), but it was
18.2% (2/11) in patients with lower-body circulatory arrest
greater than 60 minutes. In an elegant study, Etz and col-
leagues26 administered moderately hypothermic SACP
(28C) to pigs for 90 and 120 minutes and used fluorescent
microspheres to quantify spinal cord blood flow. After
initiating SACP, blood flow was nearly absent below the
T4-T13 region. All recovered animals showed evidence ofThe Journal of Thoracic and Carparaparesis or paraplegia, but the effect was more severe
in the 120-minute group. Histologic specimens demon-
strated moderate to severe ischemic injury in the lumbar
spine, even in animals that regained normal function, with
the severity of injury increasing in progressively distal spi-
nal segments; the effect was most pronounced in the 120-
minute group. This study demonstrated that spinal injury
is not an all-or-none phenomenon: Prolonged ischemia
injures some but not all motor neurons, so that some degree
of spinal cord injury may be undetectable on routine clinical
examination. Thus, the margin of safety for spinal ischemia
during moderately hypothermic SACP may be less than
widely assumed.
CONCLUSIONS
On the basis of these experimental and clinical studies,
certain recommendations for the use of nonpulsatile
SACP can be made (Table 1). Excessive perfusion pressure
and flows are unnecessary and may be detrimental. Finally,
the current trend toward warmer temperatures during aortic
arch surgery places the spinal cord at risk during SACP.
When using moderately hypothermic SACP (20C-28C),
core cooling to 18C to 30C is necessary for spinal cord
protection, contingent on the anticipated duration of
lower-body circulatory arrest.
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